To investigate the role of white blood cells in ischaemia microfiltration techniques were used to measure the flow properties of these cells in patients with severe leg ischaemia before and after amputation. Compared with controls white blood cells from patients showed impaired ability to flow through 8 [tm and 5 tim pore filters. This applied to fractionated granulocytes and mononuclear cells as well as to unfractionated mixed white blood cells. White blood cells from blood draining the ischaemic leg had worse filterability than those from arm blood of the same patients. After amputation of the ischaemic leg there was definite improvement, the flow properties of the cells being no longer significantly different from controls.
These abnormalities detected in white blood cells probably reflect activation of the cells by factors released in the ischaemic tissue by measuring their rate of flow through microfilters. This method has been shown to be sensitive to changes in mechanical properties resulting from activation of white blood cells. 9 We compared the white cells from blood drawn from the arm and affected leg of patients and repeated the measurements after amputation of the ischaemic tissue. We thus aimed at detecting any systemic or local effect on the flow properties of the cells and at seeing whether removal of the ischaemia would reverse any abnormalities.
Methods

SUBJECTS AND BLOOD SAMPLING
We studied nine patients with occlusive arterial disease requiring amputation (five men, four women; mean age 73 years, range 58-83). Five of small proportion of these cells were fixed in 1% glutaraldehyde for morphological examination. At the same time 10 ml blood was layered on to two density gradients made up of 2 5 ml Ficoll-Paque (Pharmacia Fine Chemicals, Uppsala) layered above 2-5 ml Mono-Poly resolving medium (Flow Laboratories Ltd, Irvine, Ayrshire). The gradients were centrifuged at 400 g for 10 minutes and the top layer ofplatelet rich plasma removed. The gradients were recentrifuged at 800 g for five minutes and the upper band of mononuclear cells and middle band of granulocytes harvested. Red cells settled to the bottom of the gradient and were discarded. These fractions and the unfractionated white cells were washed twice in phosphate buffered saline (Dulbeco A; Oxoid Ltd, London) plus 5% plasma and glucose 5 5 mmol/l, resuspended in this medium, and counted. The cell concentration was then adjusted and filtration measurements carried out immediately.
White cell and differential counts were made with a Coulter counter model S plus IV except for the whole blood differentials, which were calculated by using stained blood films. Viability of white blood cells was judged by trypan 
PREPARATION OF SAMPLES
Suspensions of white blood cells were prepared and filterability measured as described."2 3 Briefly, unfractionated white cells were separated from 10 ml whole blood by sedimentation under gravity. After sedimentation a blue exclusion and was >95% at the finish of the preparative procedures. Fixed unfractionated white blood cells were examined by light microscopy and the proportion with pseudopodia or cytoplasmic irregularities counted. These non-spherical cells were classified as "active."
MEASUREMENTS OF FILTERABILITY
Filterability was tested by measuring the flow rate of suspensions through Nuclepore filters (Nuclepore Corp, Pleasanton, CA) with nominal pore diameters of 8 or 5 Ftm (actual mean diameters 7-2 and 4-6 ,um; manufacturer's data). A St George's Filtrometer (Carri-Med Ltd, Dorking) was used, which measures the flow rate of the suspension as a function of volume filtered at a constant driving pressure. 12 All flow rates are expressed relative to the flow rate of cell free suspending medium, which was tested for each filter.
When using 8 ,um filters the pressure was 300 Pa and the white cell concentration 5 x 109/1. Three flow parameters were derived, as described'2: (a) the initial relative flow rate, which characterises the extent of the initial, rapid fall in flow rate; (b) the slow particle resistance, which characterises the subsequent rate of decrease in flow; (c) the relative flow rate after 1 ml of the sample had been filtered. The initial relative flow rate represents the flow resistance of the main population of rapidly flowing cells and the slow particle resistance represents a small subpopulation of slowly flowing cells. The relative flow rate after 1 ml of the sample had been filtered represents the contribution from both these types and also from cells which permanently Results Table I gives the relative flow rates of unfractionated white blood cells, granulocytes, and mononuclear cells from controls and patients after 1 ml of the sample had passed through an 8 [tm pore filter. White blood cells from the patients' arms before operation showed significantly impaired flow compared with controls for each of the three white cell preparations (41% decrease in flow rate for unfractionated white cells, 49% decrease for granulocytes, 79% decrease for mononuclear cells; all differences p<0 01). When white cells from the leg and the arm of the same patient were compared preoperatively consistent impairment was found in the flow properties of cells from the leg. Not all differences, however, reached significance in paired t tests. Postoperative measurements on white blood cells from the arms of patients showed improvement for each preparation of cells compared with preoperative measurements (310% increase in flow rate for unfractionated white blood cells, 100% increase for granulocytes, 250% increase for mononuclear cells; all differences p<005). The postoperative samples from the patients were not significantly different from controls.
The other parameters with 8 tim pore filtration (initial relative flow rate, slow particle resistance) showed similar significant differences, as did filtration data obtained with 5 [tm pore filters (data not shown). In summary, the patterns of abnormalities in flow of white blood cells were: (a) preoperative samples from patients' arms had lower flow rates than control samples; (b) samples from legs flowed slower than samples from arms (though these differences did not always reach significance); (c) postoperative flow was improved and not significantly different from controls. Table II lists other characteristics of the white blood cells. The white cell count and differential were the same for the preoperative arm and leg samples of whole blood from patients, but patients differed from controls. The patients had a higher white cell count and percentage of granulocytes and a lower percentage of lymphocytes; the percentage of monocytes did not vary significantly among the various samples. Consequently the ratio of monocytes to lymphocytes in the density separated mononuclear fraction was higher for patients before operation compared with controls (table II) . Granulocyte fractions from all types of sample contained an average of more than 95% of these cells (data not shown). In unfractionated samples of white blood cells the percentage of irregularly shaped "active" cells was greater for patients before operation than controls, though no significant difference was found between arm and leg samples. Nor was there any significant correlation between flow properties of white cells and the percentage of active cells on a patient by patient basis in any group. After amputation values for all the above parameters approached those of controls. We emphasise that the filtration tests were carried out at a standard concentration of white cells and so were unaffected by changes in absolute blood counts.
Discussion
This study shows a pronounced abnormality in the flow resistance of white blood cells in patients with severe leg ischaemia. In normal blood our previous studies have indicated that monocytes are the most resistant white cells followed by granulocytes; lymphocytes flow most rapidly. 12 In this study purified granulocytes had impaired flow properties in patients with leg ischaemia before operation. This, together with the shift in white cell differential from lymphocytes to granulocytes, would explain the impaired flow of unfractionated white cells. Mononuclear suspensions from patients contained a lower ratio of lymphocytes to monocytes.
Because monocytes are so resistant to filtration their increased proportion might explain the loss of filterability of the patients' mononuclear suspensions.
Based on microscopic observations samples of white blood cells from patients with ischaemia tended to contain more active cellsthat is, cells with psuedopodia or cytoplasmic irregularities. Activation of white blood cells decreases their filterability and is thus a likely cause of the abnormalities in flow detected. These abnormalities were generally greater for blood drawn close to the ischaemic region, and removal of the ischaemic tissue by amputation reversed the abnormal filterability. Changes in the flow characteristics of the white blood cells were therefore directly linked to the presence of ischaemia and may result from factors released in the ischaemic tissue. Activation of white blood cells might arise from activation of complement'4 or release of thromboxane' in ischaemic tissue or might occur after extended trapping of cells under hypoxic conditions. Activated cells may cause endothelial damage by production of oxygen free radicals and release of lysosomal enzymes,' which in turn may lead to production of leucotrienes and thus further stimulation of white cells."0 The inflammatory response to tissue damage will also lead to release of chemoattractants which increase neutrophil adhesiveness. 1
The rheological changes found in this study would be expected to affect the flow of white blood cells through the microcirculation and support the hypothesis that changes in the flow properties of these cells parallel and indeed contribute to the progress of tissue ischaemia. After some initial insult, such as a decrease in perfusion pressure due to atherosclerosis, a vicious cycle of white cell trapping-activation-endothelial damage and release of activating factors-changes in circulating white cells-further trapping might lead to progressive impairment of oxygen delivery and tissue damage. Such a chain of events has been postulated to occur in experimental myocardial ischaemia in dogs, and we suggest that a similar process occurs in the muscle of the ischaemic leg in man. Further studies are in progress to test specific markers for activation of white blood cells and to examine whether white cell abnormalities correlate with the clinical severity or progress of the patients.
